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Abstract: Due to the redundancy of the genetic code most amino acids are encoded by multiple
synonymous codons. It has been proposed that a biased frequency of synonymous codons can affect
the function of proteins by modulating distinct steps in transcription, translation and folding. Here,
we use two similar prototype K+ channels as model systems to examine whether codon choice has an
impact on protein sorting. By monitoring transient expression of GFP-tagged channels in mammalian
cells, we find that one of the two channels is sorted in a codon and cell cycle-dependent manner
either to mitochondria or the secretory pathway. The data establish that a gene with either rare or
frequent codons serves, together with a cell-state-dependent decoding mechanism, as a secondary
code for sorting intracellular membrane proteins.
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1. Introduction

Carmen Valenzuela Miranda,

Each amino acid in a protein is on average encoded by about three synonymous
codons. This provides a quasi-infinite sequence space of mRNA molecules and the potential of transmitting much more information than required for only coding the primary
amino acid sequence. In this context it is well established that synonymous codons are
used with distinct frequencies in different genomes [1] and that mRNAs encoding the
same polypeptide with a codon bias can dramatically alter the amount of protein expression [2] including membrane proteins [3]. This phenomenon is already successfully used in
biotechnology to increase protein production; similar codon-optimization strategies have
also been proposed as therapeutic tools for tuning the cellular production of recombinant
protein drugs, in mRNA therapies as well as in the production of DNA/RNA vaccines [4,5].
Such codon optimization strategies in medical therapy are however confounded by the fact
that synonymous codons cannot be exchanged in all cases without affecting protein structure and function. There is increasing experimental evidence for a much more complex role
of codon choice in that synonymous codons, for example, can alter mRNA splicing as well
as mRNA folding and stability [6,7]. Codon choice is also known to regulate, together with
the abundancy of the corresponding tRNAs, the velocity of protein synthesis, which can
affect the proper folding of a nascent protein [4,8–12]. There are also isolated reports in
which codon changes resulted in altered functional properties of proteins [13,14] and in
some cases synonymous mutations have even been linked to diseases [4].
For a safe in vivo application of codon optimization strategies, it is important to better
understand the potential impacts of codon choice on the cellular function of proteins. In this
respect there is currently little information on the influence of codon usage on protein
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sorting in cells. Such an impact is not unrealistic considering that a biased frequency of
synonymous codons can affect translation kinetics and co-translational protein folding and
that both of these parameters can in turn alter protein sorting [15,16].
A good system for studying protein sorting of membrane proteins is two structurally
similar algal viral-encoded K+ channels that have the structural hallmarks of eukaryotic
K+ channel pores [17]. Consequently, they can utilize the protein sorting machinery of
mammalian cells and hence they are able to provide an unbiased insight into this process
independent of cellular coevolution. In this context, it was interesting that one of these
channels, Kcv, is co-translationally sorted at the translocon into the ER [18], where it reaches
the plasma membrane via the secretory pathway [19]. The second channel, Kesv, is sorted
in a typical post-translational manner. It reaches its destination in the inner membrane
of the mitochondria via the canonical TIM/TOM translocases without a mitochondrial
targeting motif [20,21]. The decision between these two distinct trafficking pathways is
made by the level of affinity of the nascent proteins for the signal recognition particle (SRP).
While Kcv has a high binding affinity for the SRP, the other channel, Kesv, does not [22].
Additional studies have shown that sorting of the Kesv channel could be redirected by
mutations in the second transmembrane domain of the channel; that is, the protein was no
longer directed to the mitochondria but to the secretory pathway [20]. This redirection of
mutated Kesv proteins occurs because the proteins become a substrate for the guided entry
of the tail-anchored protein (GET) sorting pathway [22]. However, extensive mutational
studies in the Kesv second transmembrane domain were not able to definitely identify an
amino acid motif that was responsible for the difference in affinity for the GET factors [23].
To test the impact of codon choices on the sorting of the two virus-encoded K+ channels, we synthesized genes, which were codon-optimized for mammalian cells. For this
purpose, the guanosine–cytosine (GC) content was increased and the majority of infrequently used codons were replaced by synonymous frequently used ones. The data show
that co-translational sorting of the Kcv channel was insensitive to codon bias in the gene.
The second channel Kesv, however, was sorted in mammalian cells in a codon-sensitive
manner either to the mitochondria, the secretory pathway or even to both destinations
in the same cell. The data support the hypothesis that codon bias in a gene can serve in
combination with the primary amino acid sequence and with other cellular factors as a
secondary code for sorting membrane proteins into one or the other pathway.
2. Materials and Methods
2.1. Codon-Modified DNA Variants of Channels
All codon-optimized DNA variants of Kesv and Kcv were obtained from GeneArt®
gene synthesis (ThermoFisher ScientificTM , Waltham, MA, USA). The DNA sequence of
the randomized Kesv gene (Kesvran ) was generated using a Matlab script that randomly
assigns to each amino acid of any primary sequence one of the codons coding for that amino
acid from the corresponding group of redundant codons. As sorting of small membrane
proteins is very sensitive to the structure of the nascent N-terminal polypeptide chain,
which emerges from the ribosome [14] and since an N-terminal GFP tag is more likely to
corrupt protein sorting than a C-terminal tag [24], all channel variants were exclusively
tagged on the C-terminus via a linker to eGFP and inserted in a peGFP-N2 vector. For optogenetic studies the channels were inserted in a pGL4-C120-Fluc vector (as described
in [25]) in exchange for the firefly luciferase. Codon sequences of the channel constructs,
linkers and eGFP are shown in Supplement Figure S2. All experiments were performed
with linker 1 (Figures 1–5 and Figure 6A), linker 2 was used for data in Figure 6B,C.
2.2. Mutagenesis
To create channel chimeras, a chimeric PCR was performed [26]. For chimeras in which
entire DNA sequence segments were exchanged, two or three desired gene fragments
were initially amplified from the corresponding DNA templates. In order to ensure the
fusion of the gene fragments, overhangs were created over the primers, which were
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complementary to the adjacent gene fragment. Interfaces for restriction enzymes were
introduced via the overhangs of the outermost fragments in order to subsequently enable
ligation with the vector. The gene fragments were then fused together with a second
PCR. The Phusion DNA polymerase (ThermoFisher ScientificTM ; Waltham, MA, USA) was
used for all described PCR approaches according to manufacturer specifications. All PCR
products were electrophoretically separated in a 1–2% agarose gel in 1× TAE (Tris, acetate,
EDTA) and purified using the ZymocleanTM Gel DNA recovery Kit (Zymo Research;
Irvine, CA, USA) according to the manufacturer’s specifications. The DNA concentrations
were photometrically determined using the Nano-Drop® ND-1000 spectrometer (PeQlab
Biotechnologie GmbH; Erlangen, Germany).
After fusion of gene fragments via PCR and subsequent purification, both the empty
peGFP-N2 and the final PCR products were first treated with the respective Fast Digest®
restriction enzymes (ThermoFisher Scientific TM; Waltham, MA, USA) according to the
manufacturer’s specifications. In the next step, the PCR product was ligated into the cleaved
vector using T4 ligase (ThermoFisher ScientificTM ; Waltham, MA, USA) according to the
manufacturer’s specifications. The full ligation product was used for the transformation of
competent E. coli DH5α cells by heat shock. Finally, the transformed E. coli were plated on
LB kanamycin plates and incubated overnight at 37 ◦ C.
The colonies were used to inoculate LB medium liquid cultures with 100 µg/mL
kanamycin. On the following day, the plasmid DNA was purified using the ZR Plasmid
MiniprepTM Classic Kit (Zymo Research; Irvine, CA, USA) and sequenced (Eurofins MWG
Operon GmbH Ebersberg, Germany). The sequencing was controlled using SnapGene
software (GSL Biotech; Chicago, IL, USA).
2.3. Heterologous Expression
Localization of the eGFP tagged channels was performed in human embryonic kidney
(HEK293) cells. In addition, CHO, HeLa, HaCaT and COS-7 cells were used. All cell
lines were cultured at 37 ◦ C and 5% CO2 in T25 cell culture flasks in an incubator with
the appropriate culture media (see below). For imaging, cells were placed 48 h prior
to examination on sterilized glass coverslips (No. 1.0; Karl Hecht GmbH & Co. KG,
Sondheim, Germany) with a Ø = 25 mm. The cells were incubated for ~24 h at 37 ◦ C with
5% CO2 . As soon as the cells reached a confluence of 60%, they were transfected with the
appropriate plasmids. GeneJuice (Novagen, EMD Millipore Corp.; Billerica, MA, USA) or
TurboFectTM (Life Technologies GmbH; Darmstadt, Germany) were used as transfection
reagents according to manufacturer specifications. Unless otherwise stated, 1 µg of plasmid
DNA of the corresponding construct was always used or, in the case of co-transfection,
0.5 µg of each of the desired constructs.
For experiments on temperature dependence, a media change with Leibovitz (1×) L15 medium was performed 4 h post transfection after which cells were incubated overnight
at a desired temperature without additional CO2 . In all experiments where cells were
incubated at different test temperatures, a control batch was treated in the same manner
and incubated at 37 ◦ C.
In experiments on the influence of the metabolic status on protein sorting, a change of
medium to the respective test medium with a different content of sugars (4.5 g/L or 1 g/L
glucose) was performed 4 h after transfection. Cells were then incubated overnight at
37 ◦ C with 5% CO2 . In each experiment on the influence of the metabolic status on protein
sorting, a control in HEK293 standard medium was conducted with the same treatment.
For illumination of cells in which the channel protein was expressed under control of
the light-sensitive EL222 system, a custom-made illumination setup was designed with
six 450 nm LEDs (Winger WEPRB3-S1 Power LED Star, 3W, Nettetal, Germany) arranged
on a plate to fit under a standard 6-well cell culture plate. For tuning illumination times,
the LEDs were attached to a timer that allowed application of light pulses of defined length
on a second to minute timescale. For the experiments shown here, pulsed blue light of

Cells 2021, 10, 1128

4 of 17

120 µE was applied for 16 h prior to imaging. Light pulses were either 10 s or 20 s long
followed by 60 s of darkness.
2.4. Cell Culture Media
HEK293, COS-7 and HeLa: DMEM/F12-Medium with Glutamine (Biochrom AG,
Berlin, Germany) plus 10% fetal calf serum (FCS) und 1% Penicillin/Streptomycin. HaCaT: DMEM-Medium with 4.5 g/L glucose plus 2 mM Glutamine (Biochrom AG, Berlin,
Germany), 10% FCS and 1% Penicillin/Streptomycin.
2.5. Confocal Laser Scanning Microscopy (CLSM)
Initial microscopic screening and quantitative examination of protein sorting in cultured mammalian cell lines was performed on a confocal Leica TCS SP5 II microscope
(Leica GmbH, Heidelberg, Germany). Unless stated otherwise, cells were kept with 500 µL
PBS medium (8 g/L sodium chloride, 0.2 g/L potassium chloride, 1.42 g/L disodium
hydrogen phosphate, 0.24 g/L potassium hydrogen phosphate; pH was adjusted with 1M
sodium hydroxide up to 7.4) on coverslips, clamped into a custom-made aluminum cup at
least 16 h after transfection.
Cells were imaged with a PL APO 100.0 × 1.40 oil immersion lens. Dyes or fluorescent
proteins were excited with an argon laser (488 nm) or a helium-neon laser (561 nm) and the
emitted light observed at the following wavelengths: GFP: 505 nm–535 nm, MitoTracker®
Red FM and mCherry: 590 nm–700 nm, ER-TrackerTM Red (BODIPY® TR Glibenclamide):
600 nm–700 nm.
The primary observation of the eGFP-tagged channel localization in cells was always
carried out without fluorescent labeling of the target membranes. This should exclude any
influence by the overexpression of a compartment specific protein. For detailed localization
studies the mitochondria or the ER were labeled either with fluorescent dyes or organelle
specific marker proteins. Dye labeling was performed according to established manufacturers’ protocols. The growth medium was replaced with PBS containing the organelle-specific
dyes MitoTracker® Red FM (25 nM) or ER-TrackerTM Red (BODIPY® TR Glibenclamide)
(1µM) (Life Technologies GmbH, Frankfurt, Germany). After incubation with MitoTracker®
Red FM for 5 min or with ER-TrackerTM Red (BODIPY® TR Glibenclamide) for 10 min,
cells were washed with fresh PBS incubation buffer before imaging. As organelle-specific
dyes have only a limited specificity mitochondria and ER were in all experiments also
labeled with fluorescent specific marker proteins. The subunit VIII of human cytochrome C
oxidase fused with the fluorescent protein mCherry (COXVIII::mCherry) was employed to
label the inner membrane of the mitochondria. The ER retention sequence HDEL fused with
fluorescent protein mCherry (HDEL::mCherry) was used to label the ER. Both plasmids
were obtained from Addgene (Cambridge, MA, USA); mCherry-Mito-7 and mCherry-ER-3
were kindly provided by Michael Davidson (Addgene plasmids #55102 and #55041). Labeling of the target organelles with fluorescent proteins and fluorescent dyes provided
overall the same results on sorting of the channel proteins. For a quantitative analysis of
channel sorting only the fluorescent dyes were used in order to avoid an interference with
the sorting of the organelle marker protein and the channel protein of interest.
For a quantitative estimate of protein localization in different cell compartments,
images of at least 100 individual cells with a fluorescent signal were recorded. The classification of protein sorting was done manually according to the criteria described in Figure 1.
To limit the bias of manual classification most images were independently analyzed by at
least two experimenters. The results of three experimenters on the relative distribution of
Kesvwt varied over 15 independent experiments with a total of > 600 cells examined by
less than 2%. To further test reproducibility, the same images on the complex expression
pattern of chimera 1 were in a blinded manner examined by three independent and trained
individuals. The resulting values for the relative distributions varied in this case by ≤ 4%.
Image analysis was generally performed using LAS AF Lite software (Leica Microsystems

Cells 2021, 10, 1128

5 of 17

GmbH, Wetzlar, Germany) or Fiji [27]. Images were created using either IGOR Pro 6
(Wavemetrics, Tigard, OR, USA) or Origin 9 (OriginLab, Northhampton, MA, USA).
2.6. Cell Cycle Analysis
Cell cycle analysis was performed on fixed HEK293 cells transfected with Kesvwt ::eGFP
and Kesvop ::eGFP (or Kesvwt and Kesvop without the eGFP tag) using propidium iodide
staining. The cells were harvested >18 h after transfection by trypsination, transferred to
5 mL PBS and centrifuged for 6 min at room temperature (RT) at 1000 rpm. The cell pellet
was re-suspended in 0.5 mL PBS. Cells were fixed in 4.5 mL 70% ethanol at −20 ◦ C and
under continuous vortexing. The fixed cells were centrifuged 5 min at 1000 rpm at RT,
re-suspended in 5 mL PBS and again pelleted 5 min at 1000 rpm and RT. The cell pellet was
then re-suspended in 1 mL staining solution (10 mL 0.1% Triton × 100 in PBS, 2 mg RNAse
A, 200 µL 1 mg/mL Propidium Iodide (PI)) and incubated for 30 min at RT. The cells were
pelleted again before measurement, resuspended in 0.5 mL PBS and filtered through a
40-µm filter. The measurements were performed using the blue laser (488 nm) of the S3e
Cell Sorter (Bio-Rad GmbH; Munich, Germany). The cell cycle phases were determined
with the FlowJo (FlowJo, LLC; Ashland, OR, USA) software by analyzing the PI height to
PI area distribution.
2.7. Software Analysis
Almost all amino acids are encoded by more than one codon. The %MinMax algorithm
valuates in a species-dependent manner the relative rareness of a nucleotide sequence,
which codes for a protein of interest [28]. We used this algorithm to estimate the codon bias
of the channel proteins including linker and eGFP in human cells. Data were calculated as
a moving average over a window of 18 codons where 0% represents the least common and
100% the most common codon.
3. Results
3.1. Mitochondrial Sorting of Channel Protein Is Modulated by Codon Choice
To examine the influence of codon bias on Kesv sorting, we compared its location
in HEK293 cells after expressing the GFP-tagged protein from a wild type (Kesvwt ) gene,
a gene that was codon-optimized for expression in mammalian cells (Kesvop ) and a gene
with a randomized sequence of favorable/unfavorable codons (Kesvran ) (Figure S1 and
Figure S2A). Cells transfected with the wt gene can be grouped into three distinct populations: (i) a majority of cells with the GFP-tagged protein being targeted to the mitochondria
in a background of GFP fluorescence in the cytosol (Figure 1A,C), (ii) a small number of cells
with the channel in the secretory pathway (SP) (Figure S3A and Figure 1C), and (iii) cells
with a strong GFP signal throughout the cell (Figure S3B, Figure 1C). The latter include GFP
in the nucleus and exclude it from mitochondria and peri-nuclear ring (Figure S3B(a,b)).
We interpret the presence of GFP in the nucleus as evidence for partial degradation of the
channel/GFP construct; only a cleavage of GFP from the hydrophobic channel will allow
diffusion of the fluorescent tag into the nucleus [29].
The robust pattern of sorting was altered by expression of the codon-optimized
gene (Kesvop ): The protein was no longer targeted to the secretory pathway but sorted
with increased propensity to the mitochondria (Figure 1B,C). An enhanced tendency for
mitochondrial sorting was further underscored by quantifying the relative fluorescence in
mitochondria versus background fluorescence in the cytosol (Figure 1B,D). The latter ratio
is about six times higher in cells transfected with the codon-optimized gene compared to
those transfected with the wt gene.
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The data in Figure 3D, however, clearly show that the effect of codon optimization
on sorting to the mitochondria is conserved in all five mammalian cell lines. In all cell
lines tested codon optimization created a strong tendency for sorting the channel to the
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A surprising observation is that the protein can occur in a codon-dependent manner (e.g.; Chimera C4) in the same cell in the SP and in the mitochondria (Figure 4B,C).
The dual sorting of three chimeras (C-1, C-4, and C7) within one cell was confirmed by
co-localization with the respective marker proteins (Figure 4C and Figure S4). The results
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of these experiments establish that the channel protein can be targeted to both the SP and to
the mitochondria in the same cell and that this process is influenced by the codon structure
of the gene. In this respect the chimera mimics the natural situation of channels like Kv1.3,
which can occur in the plasma membrane and in the mitochondria [35].
Scrutiny of the data in Figure 4 did not reveal a single region in the gene in which codon
optimality favors sorting to the mitochondria or to the SP. For example, optimization of the
last 14 C-terminal codons (Chimera C6) has the same impact on sorting as optimization of
the entire channel. Codon optimization of upstream regions (e.g., Chimera C3), however,
can even be counterproductive and promote protein degradation and sorting to the SP.
Additionally, optimization of a stretch of codons ≥ 30 codons from the start (Chimera C8),
which might negatively affect binding of the nascent protein to the SRP when emerging
from the ribosome [16], did not increase mitochondrial sorting.
The complex pattern in which a particular region can favor sorting to the mitochondria
in one chimera but not in another suggests that the decision on sorting is the result of
multiple competing factors. To test this assumption, we altered the sorting of Kesv in a
codon bias-independent manner by inserting amino acids into the second transmembrane
domain [20,22]. In a screening endeavor we inserted in position 113 of Kesvwt 16 different
triplets of randomly chosen amino acids and found that the triplet GML was the most
potent in redirecting sorting of this mutant (Figure 4D). This channel (Kesv-113GMLwt )
was no longer detected in the mitochondria but was present in the SP in >80% of the
cells (Figure 4D). When the full-length gene of Kesv-113GML was codon-optimized it had
almost no effect on the sorting of the channel. Like the wt protein, Kesv-113GMLop was still
efficiently sorted to the SP. The results of these experiments indicate that codon optimality
does not per se favor sorting to the mitochondria. If a protein like Kcv or Kesv-113GML
has a strong signal for trafficking to the SP, the sorting destiny is only slightly affected by
codon optimality.
3.4. Impact of Codon Usage on Sorting
Based on current knowledge, the sorting of proteins between the secretory pathway and mitochondria is determined by fundamentally different mechanisms [36,37].
The canonical targeting mechanism involves interactions between the protein and specific sorting factors for subsequent delivery to membrane-embedded translocases [36,37].
For some short tail-anchored proteins, a spontaneous insertion in either the ER or the
mitochondria membrane is known [38]. The latter pathway however only targets proteins
to the outer membrane of mitochondria and is hence not relevant for the Kesv channel,
which is sorted to the inner mitochondrial membrane [20]. A third targeting mechanism
employs a distinct pre-sorting of the respective mRNA to the final destination where the
protein is translated directly into its final location [36,39]. The complex sorting phenotypes
of the different Kesv constructs could in principle result from an impact of codon usage on
any of the three mechanisms. Codon optimization could alter the structure of a peptide
signal or the interaction kinetics of the nascent protein with sorting factors. This could arise
from codon sensitivity of translation efficiency, protein folding or transcript stability [7].
Alternatively, codon optimality could also alter the structure of the mRNA [40,41] and as a
consequence perturb or create essential targeting codes for mRNA sorting [42].
To examine the impact of codon usage on the mRNA structure, we calculated the free
energy of the different RNAs using an RNA structure prediction algorithm [43]. To augment
the relevance of structural elements in the variable channel-coding region, the free energy
was only calculated for this part of the construct, ignoring the contribution of the constant
linker/GFP. A plot of the efficiency of sorting of the channel to the mitochondria as a
function of this free energy implies that the codon choice has considerable impact on
mRNA structure. This could generate altered targeting codes for mRNA sorting but could
also affect translation velocity [39].
The linear relationship with a weak correlation (coefficient 0.44) between mRNA
stability and channel sorting does not exclude a contribution of RNA stability to the
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reported that the transcription of a gene of interest could be triggered by light via a quasiinstant activation of a transcription factor [44]. Based on the kinetic relationship between
transcription and subsequent translation [45,46], we reasoned that a light-triggered burst in
transcription would neither affect the mRNA nor the structure of the translated protein but
the kinetics of transcription/translation to such an extent that even the codon-optimized
Kcv channel would be sorted to the mitochondria. To test this prediction, codon-optimized
channels were expressed in HEK293 cells under control of the light-sensitive EL222 system.
Hence, a light triggered burst in transcription should not affect protein sorting if the latter
is determined by the structure of the RNA. To test if the same mRNA can generate in such
a system differences in sorting, Kcvop was expressed in HEK293 cells under control of the
light-sensitive EL222 system. After triggering transcription by blue light, we monitored the
distribution of the GFP-tagged channels in HEK293 cells. The data in Figure 5B show that
the light-inducible system had a strong impact on the targeting of Kcvop . While the latter
channel is preferentially sorted to the SP following conventional transfection (Figure 2),
its sorting is shifted with an increased tendency for the mitochondria when transcription
is triggered by light (Figure 5B). We are not able at this point to explain the mechanism,
which is underlying the shift in sorting of Kcvop in the context of the light-sensitive
transcription system. However, the results of these experiments are in good agreement
with the view that codon optimality is affecting one or more critical steps in the translation
of the nascent channel proteins. They further confirm that differences in the secondary
structure of the mRNA are unlikely crucial for sorting. The fact that the mRNA for the
Kcvop channel was the same for conventional expression or expression under control of the
optogenetic system also indicates that codon choice has in the present system no impact on
signals, which contribute to mRNA localization in cells [39].
In the case that codon optimality does not affect mRNA sorting but translation efficiency, folding or transcript stability [42], protein sorting should be sensitive to temperature;
lower temperatures should slow translation efficiency and folding. To test this prediction,
we followed the expression and sorting of Kesvwt and the codon-optimized channel in
HEK293 cells at 37 ◦ C and 25 ◦ C. The data in Figure 5C show that the incubation temperature indeed affects sorting of the channel. Cells transfected with the Kesvwt and with the
codon-optimized gene exhibited an altered sorting pattern at 25 ◦ C compared to 37 ◦ C.
While the relative number of cells with the channel in the mitochondria decreased at 25 ◦ C,
the fraction of cells with a degraded protein increased. This result implies that sorting to
the mitochondria is favored by higher temperature. The data are in agreement with the
hypothesis that codon optimization alters cellular processes, which are also accelerated by
temperature. Since a change in the incubation temperature is a rather non-selective parameter, which affects many cellular processes, the data do not yet provide a clear indication of
the precise mechanism responsible for codon-sensitive sorting.
Since all experiments are based on transient transfection of channel proteins it is
possible that the difference in their sorting simply reflects different amounts of proteins,
which are generated in individual cells; this parameter might than be influenced by codon
optimality. To test this possibility, we randomly chose 15 images like in Figure S3D
and Figure S5A in which a cell with a mitochondria-sorted Kesv channel was in the
same optical plane close to one with the channel sorter into the SP. Assuming that the
fluorescence intensity (FI) of GFP is an indirect approximation of the amount of tagged
protein [47], we defined outside of the nucleus as regions of interest (ROI) and measured
their integrated fluorescence density (IFD). For each pair of cells, a ratio was calculated
by dividing the IFD value from GFP in mitochondria by the respective value from GFP in
the SP (IFD(ROIMI) /IFD(ROISP )). The resulting ratios cover a wide range from 0.4 to 2.1,
with a mean value of 1.2 ± 0.5 (Figure S5C). The results of this analysis exhibit no apparent
correlation between the amount of GFP-tagged protein in a cell and its destiny of sorting.
This conclusion is further supported by a similar analysis of pairs of cells in which the
channel was, in both cases, sorted to the mitochondria (Figure S5B); in this case, the IFD
values between adjacent cells deviate by a factor between one and four without an apparent
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consequence on sorting. Collectively, the data suggest that the protein concentration varies
considerably between individual cells, but this has no systematic impact on sorting.
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In an additional assay, we also incubated HEK293 cells with different concentrations
of glucose in the medium. This has an impact on many cellular parameters including energy status [51], signaling pathways [52] and even the expression of membrane proteins
[53]. When Chimera C1 was expressed in cells incubated in low, normal or elevated glucose concentrations, the channel exhibited overall the same complex sorting pattern (Fig-
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In an additional assay, we also incubated HEK293 cells with different concentrations of
glucose in the medium. This has an impact on many cellular parameters including energy
status [51], signaling pathways [52] and even the expression of membrane proteins [53].
When Chimera C1 was expressed in cells incubated in low, normal or elevated glucose
concentrations, the channel exhibited overall the same complex sorting pattern (Figure 6C)
as in Figure 4. Thus, addition or deprivation of glucose in the incubation medium of the
cells, which presumably influenced among other factors the energy status of the cells,
had no appreciable impact on sorting of the Kesv channel.
4. Discussion
Our analysis of the impact of synonymous codon choices on the sorting of two similar
K+ channel proteins shows that codon bias has, in combination with cellular factors,
a strong impact on the targeting destiny of one channel, Kesv, but not on the other, Kcv.
A key message from these results is that the codon choice of the Kesv gene can serve in
this orthogonal system as a signal for intracellular protein sorting. Hence, a gene sequence
can contain more information for protein sorting than is encoded in the primary amino
acid sequence. All of these data can be explained in the context of the redundancy in the
genetic code in which most amino acids are coded by multiple synonymous codons.
Current knowledge on the role of synonymous codons provides several possible explanations on how they could affect protein sorting. This could occur at the level of stability
or localization of mRNA, codon-sensitive efficiency and stringency of mRNA decoding,
the synthesis, as well as the translation velocity and folding of nascent proteins [7,8,42].
At this point it is not possible to pinpoint which of these mechanisms is responsible for the
sorting phenomena. However, from circumstantial evidence we reason that translational
missense errors can be excluded as an explanation. It is known that synonymous codons
exhibit different frequencies of translational misreading. While this is a frequent phenomenon in bacteria, it is very rare in eukaryotes [54]. The diversity of sorting phenomena
obtained with the chimeras is not compatible with such a rare event. Our data are also not
in agreement with an effect of codon usage on the stability of mRNA structures. A plot of
sorting efficiency as a function of the estimated free energy of mRNA stability exhibits only
a weak correlation. This suggests that this parameter could contribute to but not completely
explain the different sorting patterns. Finally, the results provide no evidence for an impact
on codon optimality on targeting signals in the mRNA, which could be responsible for
the differential sorting. When the Kcvop channel is expressed from the same mRNA it
is, depending on the expression system, sorted either to the SP or to the mitochondria.
This argues against an impact of codon choice on this alternative mechanism of protein
sorting. Altogether, this leaves the impact of synonymous codons on translation velocity
and folding of nascent proteins as the most likely explanation.
Analyses of Kesv sorting at the single cell level reveal that targeting of the channel
not only depends on a combination of primary amino acid sequence and codon choice but
also on the individual conditions of the cell that is expressing the protein. Depending on
this cellular condition, a cell can interpret the same genetic information as a signal for
sorting the channel protein either into the mitochondria, the secretory pathway or into
both compartments; in other cell conditions the protein is degraded. In this context it
is interesting to note that five different mammalian cell lines have distinctly different
efficiencies for sorting the Kesvwt channel to the mitochondria. This phenomenon is in
good agreement with the finding that non-uniform distributions of rare/frequent codons
in genes can generate patterns of local translation elongation/folding rates in an organismspecific manner [55]. Our experiments show that the state of the cell cycle is one cellular
factor, which contributes to the sorting destiny of the Kesv channel in a given cell type.
A central dogma of molecular biology is that synonymous mutations have no effect on the primary amino acid sequence and hence on function of the resulting protein.
These claims have been challenged by recent data underpinning important roles of codon
choice in a wide range of events such as speed of protein synthesis, folding, stability and
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even function [7–16]. The present data now extend this scope of codon effects to the
mechanism of protein sorting in mammalian cells. The apparent sensitivity of intracellular
targeting of small channel proteins on codon bias suggests that the codon structure of a
gene can together with a cell-state-dependent decoding mechanism which serves as a code
for intracellular proteins trafficking. The data support a mechanism in which clusters of
rare and common codons can serve together with the primary amino acid sequence as a
signal for sorting of nascent membrane proteins to such fundamentally different destinations as mitochondria and secretory pathway. An intriguing consequence from the present
study with model proteins is that the same sorting system may also operate with native
membrane proteins. Any physiological or pathophysiological condition, like synonymous
mutations [4] or variable concentrations of tRNA, [49,50] but also codon optimization in
gene therapy [4], could direct the same protein to different membrane destinations in a cell.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10051128/s1, Figure S1: Components of channel-linker-GFP constructs. Figure S2:
Schematic domain architectures and codon usage plots of Kesv and Kcv. Figure S3: Sorting pattern
of the Kesv channel. Figure S4: Dual sorting of Chimera C4 in the same HEK293 cell into SP and
mitochondria, Figure S5: Comparative GFP fluorescence from Kesv in adjacent HEK293 with either
mitochondria SP sorting.
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Supplement Figure 1:
Kcvwt
ATGTTAGTGTTTAGTAAATTTCTAACGCGAACTGAACCATTCATGATACATCTCTTTATTCTCGCAATGTTCGTGATGA
TCTATAAATTCTTCCCGGGAGGGTTCGAAAATAACTTCTCTGTTGCAAACCCGGACAAAAAGGCATCATGGATAGATTG
TATATACTTCGGAGTAACGACACACTCTACTGTCGGATTCGGAGATATACTGCCAAAGACGACCGGCGCAAAGCTTTGT
ACGATAGCACATATAGTAACAGTGTTCTTCATCGTTCTAACTTTA
Kcvop
ATGCTGGTGTTCTCTAAGTTCTTGACTAGAACTGAACCATTCATGATCCACTTGTTCATTTTGGCCATGTTCGTCATGA
TCTACAAGTTTTTTCCAGGTGGTTTCGAGAACAACTTCTCTGTTGCTAATCCAGATAAGAAGGCTTCTTGGATTGATTG
CATCTACTTCGGTGTTACTACTCATTCTACTGTTGGTTTCGGTGATATTTTGCCAAAAACTACTGGTGCTAAGTTGTGC
ACTATTGCTCATATCGTTACCGTTTTCTTCATCGTCTTGACCTTG
Kesvwt
ATGTCCCGGCGACTGTTTGCGACTTGCGGCATCGCTATCGCGCTCAGGGGACTGGTGGTGAGCGGGGGCGTAAAAGAGA
TTGTATCGTTCAGGCCACTGATTGATACTTCGCTCGTCGGCGGAATATTGTCTAATCTGATTTTGCTCGTCGTTTTCGC
TGAACTTTATTGGCAGCTGGACCAAGGGGATGATCACACACACTTCGGCTTCTCGTCCGCGATCGACGCTTACTACTTC
AGTGCGGTCACGTCTTCCTCTGTCGGATACGGCGATTTGTTGCCGAAAACTCCGAAGGCAAAATTGCTTACCATCGCAC
ACATTTTGGCCATGTTCTTCGTGATGCTCCCCGTTGTCGCGAAGGCTCTCGAGAAG
Kesvop
ATGAGCAGACGGCTGTTCGCCACCTGTGGAATCGCCATTGCCCTGCGGGGCCTGGTGGTGTCTGGCGGCGTGAAAGAAA
TCGTGTCCTTCCGGCCCCTGATCGACACCAGCCTCGTGGGAGGCATCCTGAGCAACCTGATCCTGCTGGTGGTGTTCGC
CGAGCTGTACTGGCAGCTGGACCAGGGCGACGACCACACCCACTTCGGCTTCAGCAGCGCCATCGACGCCTACTACTTC
AGCGCCGTGACCAGCAGCAGCGTGGGCTACGGCGACCTGCTGCCCAAGACCCCCAAGGCCAAGCTGCTGACAATCGCCC
ACATCCTGGCCATGTTCTTCGTGATGCTGCCCGTGGTGGCCAAGGCCCTGGAAAAG
>Kesvran
ATGTCGCGGCGGCTCTTTGCGACGTGCGGCATTGCTATAGCCTTAAGGGGCCTTGTCGTTTCCGGAGGCGTCAAGGAGA
TTGTCTCTTTTAGACCCCTCATTGACACCTCGTTGGTAGGTGGTATACTTTCGAATCTGATTCTGCTAGTCGTTTTTGC
AGAACTGTACTGGCAATTGGACCAGGGAGACGATCACACTCACTTCGGATTCAGTTCAGCCATAGATGCCTACTACTTC
TCAGCAGTGACGTCATCTAGTGTAGGTTACGGCGACTTGTTGCCCAAGACCCCGAAAGCAAAATTACTGACAATCGCGC
ACATCTTGGCTATGTTCTTCGTAATGCTTCCGGTTGTAGCGAAGGCTCTTGAAAAG
Linker 1
TTGTTGCCGAAAACTCCGAAGGCAAAATTGCTTACCATCGCACACATTTTGGCCATGTTCTTCGTGATGCTC
CCCGTTGTCGCGAAGGCTCTCGAGAAG
Linker 2
TTGTTGACTATTGCTCATATTTTGGCTATGTTTTTTGTTATGTTGCCAGTTGTTGCTAAGGCTTTGGAAAAG
eGFP
GGGATCCACCGGCCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG
GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTAC
GGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACC
CTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCC
ATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAG
GTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC
ATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAAC
GGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAG
CAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG
AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTC
GGCATGGACGAGCTGTACAAGTAA

Figure S1: Components of channel-linker-GFP constructs
Gene sequences of wt (wt), codon optimized (op) and a random mix of rare and non-rare codons (ran)
for Kcv and Kesv channels as well as gene sequence of linkers (1 and 2) and eGFP.
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Fig. S2: Schematic domain architectures and codon usage plots of Kesv and Kcv.
Kyte-Doolittle plots of Kesv (A) and Kcv (B) channels (top) and predicted location of -helices including
the N-terminal helix (NH), outer (TM1) and inner (TM2) transmembrane domain and pore helix (PH)
(central panel). Lower panel shows calculation of mean distribution of most common (max) and least
common codons (min) in human cells for wt gene (Kesvwt and Kcvwt black) codon optimized gene
(Kesvop, Kcvop: blue) and randomized gene (Kesvran: orange) calculated with %MinMax algorithm
(http://www.codons. org/Info.html). The plot provides information on whether the entire gene sequence
for channel plus linker and GFP is composed of most common codons possible (=100%) or least common
codons possible (−100%).
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Figure 3S. Sorting pattern of Kesv channel.
A,B Fluorescent images of HEK293 cells transfected with Kesv wt. Images show: fluorescence of GFP
tagged Kesv channel (green, first column), fluorescence from mitochondrial marker COXVII::mCherry
or ER marker HDEL::mCherry (magents, second column) and overlay of magenta and green channels
(third column). A magnification from areas marked in overlay images is shown in the fourth column.
Letters in the images refer to cytosol (c), nucleus (n), mitochondria (m), and ER (e). Magnified images
in 2nd row show the same section from the GFP channel only (a) and from overlay of green and magenta
channel (b). Arrows indicate areas which are spared from green fluorescence (a) and which contain a
signal from the magenta signal in the overlay (b). C reports the co-localization of green and magenta
channels at position along the line shown in magenta channel in A. D. Fluorescence image of two
adjacent HEK293 cells transfected with Kesvwt gene. In one cell (i) the protein is sorted to the
mitochondria indicated by the white arrow. In the second cell (ii) the channel appears in the SP, which
is characterized by typical net-like structure and the peri-nuclear ring (blue arrow). Scale bars: 10 μm.
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Supplement Figure 4:
Chimera-C4::GFP

HDEL::mCherry

merge

Figure S4: Dual sorting of Chimera C4 in the same HEK293 cell into SP and mitochondria. Fluorescent
image of HEK293 cell with fluorescence from GFP-tagged channel (green, left panel) and fluorescence
of ER marker HDEL::mCherry (magenta, central image). Magnification of overlay of green and magenta
channels with colocalization between ER and GFP fluorescence as well as bright GFP fluorescence in
mitochondria. Scale bar 10 µ m.

Supplement Figure 5:

d er K ategorie „M ito+E R “ m ittels d es E R -stän d igen

Comparative
GFP d
fluorescence
from K
in
with
bgb
bi
i3l
ld
d.3
u.
n4g
g:Figure
3.
.3
3 S5:
.4
4:
Lokal
i
on
d
i
d
ategori
e
„M
iito+E
Reither
b
u
n
3
.
:
Lokal
isati
sati
on
sstu
dintensity
ie
e
d er
er
KKesv
ategori
e HEK293
„M
to+E
R“
“
ttel
Lokal
i
sati
on sstu
iesstu
d er
K ategori
e
„Madjacent
ito+E
R“
m
ittel
smm diittel
es ssE Rd
mitochondria or SP sorting. A Fluorescent image of HEK293 cells with fluorescence from GFP-tagged

arkerp
rotei
n
s KC
DE
L:
:
m
C
Kesv
channel.
cell
present in mitochondria (down) in two other cells in SP (up). Dashed
arkerp
EFone
L:
m
Cd h
h iserry
rotei
KitD
L:
erry
e in e rn smrotei
KEen
ssv:1mK
::eDGInh
P:
u nGFP
Kerry
D E L ::m C h e rry c o -tra n s fiz ie rte n

circles indicate regions of interest (ROI) covering mitochondria (ROIMI) or SP (ROISP). B Same as in (A)
with
Kesv
mitochondria
lowrü
f, nnmbut
dggaerk
sdd eeiessgcells
e mmz eshowing
teie
nsrte
Lnninin
ronenfils
r eit
ein(MI-1)
GKeeFerrPs mvor
(g
neFe )sPsvvufluorescence.
nnddGG FFKPPD EuCu nLRatios
rg
rörla
ru
aaigrk
Kie
aanosspnte
sin
vwith
oofü
nnmhigh
in
it
KGK(MI-2)
::e
d::m
KKCofDDhEEeLLrry
::m
ee
eeurtv
rg
rk
ie
rte
K
te
s
v
e
m
it
::e
n
d
::m cCCohh-t
11u
n gerö
dßß eeusru
rte
n
K
a
te
s
v
e
r
::e
1
integrated fluorescence density per ROI area from ROISP and ROIMI (IFD(ROIMI)/IFD(ROISP)). Mean value
±wSD
from
asdu
inewAme(circles).
Scale
bars:
rre
n e zlle
cD heindividual
ern e Kn ts
e sdata
FnPcell
nGdra
E Re rla
M uaf,
rk ed 10
rp
ro gtee in
E K la
2 9tio
3 -Z
.isand
pvre
c hG e15
d eupairs
rtv
e sμm.
z e ig te n L in ie n p ro fils fü
1 ::e

EeKlle2 .9 3D-Ze er llee .n tsD pere
r cehnets
e nudwe e rtv
G ra
u w uef,
rtvdeerla
in ie nfü
p ro
n dp ere cGh ra
e rla
s ugf,e zde eigste gn e zLeinigietennp roL fils
r fils
e G F fü
P
h(ro
nv ehrd
o(ro
he et)
e n phhoPttsCitiv
rt.
DKKeoonrrre
Gz wla
rö
ß cenhnn eb znzawwlkKis
eecncshhvdee ne::e
rry
(ro
rd
eeduuietlic
ddCie
oo ossie
itiv
ee tio
tio
CC hhdt)
eeerry
vvpeehord
tlic
ieev appKlid
itiv
rre
lais
tio
is
n r KGK eFe sPsvv1 u::e
::e
ut)ntlic
ts itiv
rre
la
n dGG FFdPPe muu nn dEd R ddeeMmm
1

1

e.nCCDtshhiepeesric
0 dssµru
Ln::m
::m
rry
ie
eemrrc.kEE in
ru
ww ird
ee nne npp ooPssCitiv
PP CCieCCrt.
vvaaDlid
DDlk
rry
in
ru ccdkku rc
ird
rch hho hddeeennn phhoooshhitiv
itiv
lid
iert.
h EEeeLrry
e rh..tEDD1inie
w ddird
h d ded nuu rc
C eevnna lid
e rie
Grt.
röDDß eee
rg
röeßßneets
rupnnric
ts
nn ehe ntn ts
eeurg
ru
gg hee ntn ts
ric
röeßßnee nnebbnaatslk
lkpeeric
ts
ric
n grö
2 ppµ ric
m ,hhdtte22r µµG mmrö,,ßddeeenrrbGGa rö
lk
1 0pp ric
µ m hh.tt 11 00 µµ mm ..

w erd en alle Z ellen , d ie so w o h l p u n ktu elle als au ch

ru nn ddau Lo
ieser
kalisatio
nn sstu
ien
ww alle
erd
en
,, wddoie
hhll ell
ppuu
uudff GGd ieser
ru
dd ieser
Loklar
kalisatio
sstu
d en
ienen
erd
enZ ellen
alle
ellen
ieh lso
sopwwu nooktu
nsätzlich
kalisatio
n sstu
w nderd
, ZZdellen
ie so
ch
ein enLo
zud ien
erken
d en
p erin
ualle
kleären

